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Two-particle azimuthal angle correlations have been proposed to be one of the most direct and
sensitive probes to access the underlying gluon dynamics involved in hard scatterings. In anticipation
of an Electron-Ion Collider (EIC), detailed studies of dihadron correlation measurements in electron-
proton and electron-ion collisions at an EIC have been performed. The impact of such measurements
on the understanding of the different gluon distribution functions, as a clean signature for gluon
saturation and to constrain saturation models further, has been explored. It is shown that dihadron
correlation measurements will be one of the key methods to probe gluon saturation phenomena at
a future EIC.
I. INTRODUCTION
It is well-known that the concept of parton dis-
tribution functions (PDFs) and their linear evolution
through the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) formalism [1–3] is a key ingredient for per-
turbative quantum chromodynamics (pQCD) and has
been successfully applied to understand many hard pro-
cesses in high energy hadronic collisions. Using extrac-
tions of PDFs from pQCD fits to cross section data [4], a
large number of high-energy physics experiments have es-
tablished that parton distributions, especially the gluon
distribution, grow rapidly as the partonic longitudinal
momentum fraction, x, gets smaller. The high-energy
evolution of gluon density at fixed momentum transfer,
Q2, is described by the so-called Balitsky-Fadin-Kuraev-
Lipatov (BFKL) evolution equation [5]. The BFKL equa-
tion is a linear evolution equation and it governs the evo-
lution of the gluon distribution with respect to x. Its
solution exhibits a rapid increase as x gets smaller. How-
ever, the gluon density cannot grow arbitrarily large,
since this would violate the unitarity limit for forward
scattering amplitudes or the Froissart bound for total
cross sections at very high energies. Recent experimental
data at rather small x have provided us some intriguing
evidence for the existence of a novel QCD regime, namely
the saturation regime, which cannot be fully described by
linear QCD evolution approaches [6–8].
The idea of saturation physics can be briefly described
as follows: when the gluon density at low x becomes
so large that different gluon clouds with fixed trans-
verse size ∼ 1/Q2 start to overlap with each other,
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the QCD evolution dynamics essentially becomes non-
linear [9, 10]. It is conceivable that gluons can recom-
bine in a dense medium, thereby taming further rapid
growth of the gluon density. The non-linear extension of
the BFKL equation is given by the Balitsky-Kovchegov
equation [11]. This non-linear dynamical effect can be
enhanced with a nuclear target, where the interaction
develops over a longitudinal distance of the order of the
nuclear size or larger. In this case the nucleons located
at the same impact factor cannot be distinguished from
each other. Gluons from different nucleons can amplify
the total transverse gluon density by a factor of A1/3
for a nucleus with mass number A. Typically, a charac-
teristic scale Qs(x,A) can be introduced to describe the
transition to the saturation region. ForQ2 > Q2s, the tar-
get hadron is usually treated as a dilute system, whereas
Q2 < Q2s corresponds to the case with a highly dense
saturated hadron with a large parton density. Therefore,
one can define a boundary with Q2 = Q2s(x) in the x-Q
2
plane to describe the transition from the non-linear sat-
uration regime to the linear dilute regime. The main
physical ingredient of the saturation formalism is to in-
corporate the unitarity constraint for high-energy scat-
tering amplitudes through the inclusion of non-linear re-
combination in the quantum evolution of hadronic wave
functions.
Although it is not conclusive that such a saturated
regime has been discovered at presently running high-
energy experimental facilities, it has certainly received
a great amount of theoretical support with the devel-
opment of the Color Glass Condensate (CGC) effective
field theory [12, 13]. To achieve an accurate description
of experimental data it is essential to have theoretical cal-
culations beyond leading order, especially as the higher-
order corrections are known to be sizeable. This analysis
accounts for gluon radiation in the calculation of the di-
hadron cross section through the inclusion of Sudakov
factors. It is one of the most important corrections com-
2puted on one-loop level. This is vital for the comparison
between the theory calculation and the future Electron-
Ion Collider (EIC) [14, 15] data on dihadron correlations.
It has been a challenging task to constrain to what
extent saturation is present in available experimental
data [16]. Azimuthal dihadron correlations are consid-
ered to be a very compelling measurement to tell whether
the partonic system under study has reached the sat-
uration regime or not [17]. The azimuthal angle (∆φ)
distribution of correlated high-pT hadron pairs uncovers
the underlying jet properties on a statistical basis. The
near-side peak (∆φ = 0) of this ∆φ distribution is dom-
inated by the fragmentation from the leading jet, while
the away-side peak (∆φ = pi) is expected to be dominated
by back-to-back jets produced in the hard 2 → 2 scat-
tering. At sufficiently high parton densities, when satu-
ration effects dominate, incoming gluons normally carry
a typical transverse momentum at a scale of Qs > Q,
which significantly increases the transverse momentum
imbalance of the back-to-back jets. As a result, satu-
rated gluons from the target tend to smear the back-to-
back picture and suppress the away-side peak in the ∆φ
distribution.
The observed suppressions in dihadron correlation
measurements at forward rapidities performed in d+Au√
s = 200 GeV collisions at RHIC [18–22] are perhaps the
most suggestive evidence of the onset of the saturation
regime in present data. Rather significant suppression
of the away-side correlation is observed, when one com-
pares the data for central d+Au collisions to peripheral
d+Au collisions at forward rapidities. The qualitative
feature of this suppression was first predicted by Mar-
quet [23] based on saturation physics/CGC calculations.
The strength of back-to-back correlations and the deple-
tion of the away-side peak measured in these experiments
can be quantitatively described in the saturation formal-
ism [24–26].
At an EIC, we can access dihadron correlations in deep
inelastic scattering (DIS) data from e+A and e+ p colli-
sions, which can provide a clean and well-controlled sig-
nature of saturation physics complementary to the cur-
rent d+Au or p+A measurements. They also provide
the opportunity to study a fundamental gluon distribu-
tion that cannot be accessed today. It has been shown in
the recent theoretical development of small x physics that
there are two different unintegrated gluon distributions
(UGDs); namely the Weizsa¨cker-Williams (WW) gluon
distribution and the dipole gluon distribution, which are
involved in the calculation of various observables [27].
Since all other gluon distributions appearing in various
processes can be constructed from these two UGDs in
the large Nc limit of QCD, they can be considered as the
universal and fundamental building blocks for all UGDs.
Furthermore, the WW gluon distribution can be inter-
preted as the gluon density in the light cone gauge, while
the dipole gluon distribution has no such probabilistic
interpretation. In addition, we want to emphasize that
the WW gluon distribution only appears in few physi-
cal processes exclusively, and currently there is very lit-
tle knowledge about its behavior. Fortunately, the WW
gluon distribution is the only UGD involved in the DIS
dijet process [29], which provides us a unique and clean
means to measure the WW gluon distribution.
In this paper, based on the most recent theoretical
developments in saturation physics, we perform a de-
tailed study of the feasibility, expected precision, and
physics impact of dihadron correlation measurements on
gluon dynamics in the small x region at a future high-
luminosity, high-energy EIC. We will demonstrate that,
at a future EIC such as eRHIC at BNL or MEIC at JLab
(see Sec.5 of Ref. [15] and references therein for more de-
tails), it is feasible to perform the discussed dihadron cor-
relation measurement even with a moderate integrated
luminosity of L = 1 fb−1. We present results for two
lepton-nucleus beam energy configurations, 10 GeV ×
100 GeV and 20 GeV × 100 GeV, and compare the re-
sults for proton and gold beams. We use pseudo-data
generated by the Monte Carlo generator PYTHIA [28]
integrated with nuclear PDFs, geometry and energy loss
to obtain a non-saturation baseline. The framework of
Ref. [29] is used to obtain numerical predictions and to
study the size of the suppression of dihadron correlations
in a saturation formalism. Table I shows the definitions
of the kinematic variables used in this study.
TABLE I: Kinematic variables
q = (Ee − E′e,~l − ~l′) 4-momentum of virtual photon
Q2 = −q2 Virtuality of exchanged photon
xBj =
Q2
2P ·q
Bjorken x, momentum fraction of the incoming nucleon taken by the struck quark in the electron rest frame
y = P ·q
P ·l
Energy fraction of virtual photon with respect to incoming electron√
s Center of mass energy
xg Longitudinal momentum fraction of gluon involved in hard interactions
zh,q =
P ·Ph,q
P ·q
Energy fraction of of a hadron or quark with respect to virtual photon in target rest frame
pT Transverse momentum of final state hadron with respect to virtual photon
∆φ Azimuthal angle difference of the trigger ~pT
trig and associate ~pT
assoc
η = − ln tan(θ/2) Pseudorapidity of the particles in lab frame
q⊥ Initial transverse momentum of gluons in γ
∗p center of mass frame
k1⊥, k2⊥ Transverse momentum of the dijets in γ
∗p center of mass frame
ph1⊥, ph2⊥ Transverse momentum of the trigger/associate particle in γ
∗p center of mass frame
pˆT Transverse momentum of final state partons in the center of mass frame of hard interaction
kT Intrinsic transverse momentum of partons in the nucleon
3pfragT Transverse momentum with respect to jet direction from hadronization
Qs Saturation scale
The rest of this article is organized as follows: in
Sec. II, we discuss the theoretical framework used for
the prediction of saturation effects in the dihadron cor-
relation measurement. A brief comparison of dihadron
correlations in e+A versus p+A is provided in Sec. III. In
Sec. IV, we give an overview of the planned EIC project
and present simulation results for dihadron correlations
at an EIC. Finally, we summarize and conclude in Sec. V.
II. DIHADRON CORRELATIONS IN THE
SATURATION FORMALISM
According to the effective small-x kt factorization es-
tablished in Ref. [29], which is briefly summarized above,
the back-to-back correlation limit of the dihadron pro-
duction cross section can be used to directly probe the
WW gluon distribution xG(1)(x, q⊥). As a comparison,
the hadron production in semi-inclusive deep inelastic
scattering (SIDIS), as shown in Ref. [31], is related to
the so-called dipole gluon distributions xG(2)(x, q⊥).
The coincidence probability C(∆φ) =
Npair(∆φ)
Ntrig
is a
commonly exploited observable in dihadron correlation
studies, in which Npair(∆φ) is the yield of the correlated
trigger and associate particle pairs, while Ntrig is the
trigger particle yield. This correlation function C(∆φ)
depends on the azimuthal angle difference ∆φ between
the trigger and associate particles. In terms of theoretical
calculation, the correlation function is defined as
C(∆φ) = 1
dσ
γ∗+A→h1+X
SIDIS
dzh1
dσ
γ∗+A→h1+h2+X
tot
dzh1dzh2d∆φ
. (1)
Let us consider a process of a virtual photon scatter-
ing on a dense nuclear target producing two final state
back-to-back qq¯ jets: γ∗ + A → q(k1) + q¯(k2) + X , in
which k1 and k2 are the four momenta of the two outgoing
quarks. This process is the dominant one in the low-x re-
gion, since the gluon distribution is much larger than the
quark distributions inside a hadron at high energy. The
back-to-back correlation limit indicates that the trans-
verse momentum imbalance is much smaller than each
individual momentum: q⊥ = |k1⊥ + k2⊥| ≪ P⊥, with
P⊥ defined as (k1⊥− k2⊥)/2. At leading order (LO), the
dihadron total cross section, which includes both the lon-
gitudinal and transverse contributions, can be written as
follows [29]:
dσγ
∗+A→h1+h2+X
tot
dzh1dzh2d2ph1⊥d2ph2⊥
=C
∫ 1−zh2
zh1
dzq
zq(1−zq)
z2
h2
z2
h1
d2p1⊥d
2p2⊥F(xg, q⊥)Htot(zq, k1⊥, k2⊥) (2)
×∑q e2qDq( zh1zq , p1⊥)Dq¯( zh21−zq , p2⊥),
where C = S⊥Ncαem2pi2 gives the normalization factor, with
S⊥ being the transverse area of the target, zq is the longi-
tudinal momentum fraction of the produced quark with
respect to the incoming virtual photon, Htot is the com-
bined hard factor, k1⊥ and k2⊥ are the transverse mo-
menta of the two quarks, while ph1⊥ and ph2⊥ are the
transverse momenta of the two corresponding produced
hadrons respectively. F(xg, q⊥) comes from the relevant
WW gluon distribution xG(1)(xg, q⊥) evaluated with the
gauge links for a large nucleus at small x by using the
McLerran-Venugopalan model [12],
F(xg, q⊥) = 1
2pi2
∫
d2r⊥e
−iq⊥r⊥
1
r2⊥
[1− exp(−1
4
r2⊥Q
2
s)],
(3)
in which xg =
zqp
2
h1⊥
z2
h1
s
+
(1−zq)p
2
h2⊥
z2
h2
s
+ Q
2
s is the longi-
tudinal momentum fraction of the small-x gluon with
respect to the target hadron and Qs is the gluon satura-
tion scale. Dq(
zh
zq
, p⊥) represents the transverse momen-
tum dependent fragmentation functions, where p⊥ shows
the additional transverse momentum introduced by frag-
mentation processes. There can be more sophisticated
model description of the WW gluon distribution, which
involves a numerical solution to the BK type evolution
for the WW gluon distribution [34, 35]. But studying the
impact of these PDFs is beyond the scope of this work
presented here.
In principle, the so-called linearly polarised gluon dis-
tribution [32, 33] also contributes to the dihadron cor-
relation and can be systematically taken into account.
This part of the contribution comes from an averaged
quantum interference between a scattering amplitude and
a complex conjugate amplitude with active gluons lin-
early polarized in two orthogonal directions in the az-
imuthal plane. Numerical calculation shows that this
contribution is negligible for dihadron back-to-back cor-
relations. Also, this type of contribution vanishes when
the dihadron correlation function is averaged over the
azimuthal angle of the trigger particle.
As to the single-inclusive-hadron production cross sec-
tion, which enters the denominator of the definition of the
correlation function C(∆φ), it can be calculated from the
4saturation physics/CGC formalism [31] as follows:
dσγ
∗+A→h1+X
SIDIS
dzh1d2ph1⊥
=C
∫ 1
zh1
dzq
∫
d2q⊥Fxg (q⊥)HSIDIS(k⊥, q⊥, Q) (4)
×∑q e2q zqz2
h1
Dq(
zh1
zq
, p⊥),
where HSIDIS is the q⊥ dependent hard factor for SIDIS,
which includes both the longitudinal and transverse pho-
ton contribution. Here Fxg (q⊥), which is related to
xG(2)(xg, q⊥), is the Fourier transform of the dipole cross
section:
Fxg(q⊥) =
∫
d2r
2pi2
eiq⊥·r⊥
1
Nc
Tr〈U(r⊥)U †(0)〉ρ (5)
≃ 1
piQ2sA
exp[− q
2
⊥
Q2sA
].
It has been suggested in Refs [34, 35] that both dipole
and WW gluon distributions have similar geometric scal-
ing behavior. Therefore, one can parameterize these
gluon distributions following the Golec-Biernat Wu¨sthoff
(GBW) [36] model calculation, in which Q2sA(x) =
c(b)A1/3Q2s0(x/x0)
−λ, with Qs0 = 1 GeV, x0 = 3.04 ×
10−4 and λ = 0.288. The gluon saturation momen-
tum is related to Q2sA(x) by Q
2
s(x) =
2N2c
N2c−1
Q2sA(x).
c(b) = c(0)
√
1− b2/R2 gives the nuclear profile depen-
dence with a radius R, where b is the impact parameter.
As it is not an easy task to determine the exact impact
parameter in e+A collisions, a median number c(b) = 0.8
is used for the estimation, which is supposed to average
the nucleus geometry effectively. The parametrized DSS
fragmentation function [37], D(z, p⊥) = D(z)
1
pi〈p2⊥〉
e
−p2⊥
〈p2
⊥
〉
with 〈p2⊥〉 = 0.2GeV2, is used to compute the hadron
production.
By utilizing Eq. (2) and Eq. (4), one can straightfor-
wardly calculate the coincidence probability. The theo-
retical prediction at the Born level for the suppression of
the away-side of the dihadron correlation measurement
is shown by the solid curves in Fig. 1.
All the above results are estimated based on the LO
Born level contribution. At the EIC energy scale the
one-loop contribution [39], which is also known as the
so-called Sudakov factor, can be important as well. To
include the Sudakov factor contribution at leading dou-
ble logarithm level, one can rewrite the relevant WW
distribution as follows [40]:
F(xg , q⊥) = 1
2pi2
∫
d2r⊥e
−iq⊥r⊥
1
r2⊥
[1− exp(−1
4
r2⊥Q
2
s)] exp[−
αsNc
4pi
ln2
K2r2⊥
c20
], (6)
where K2 represents the hard momentum scale in two-
particle production processes. It can be chosen as K2 =
P 2⊥ or K
2 = Q2, depending on which one is larger, and
c0 = 2e
−γE with the Euler constant γE . It is known
that the single logarithmic terms as well as the next-to-
leading order (NLO) contribution of the Sudakov factor
also have sizeable contributions compared to the above
leading double logarithmic contribution. Therefore, the
numerical value of αs in the Sudakov factor used in this
calculation may be different from what one normally ex-
pects according to a QCD running coupling constant cal-
culation.
One needs to pay attention to the applicability of this
calculation. As the GBW model is not sufficient to de-
scribe the UGDs in the region where q⊥ is much larger
than Qs, we should limit this calculation to the satura-
tion region (xg < 0.01) to ensure the GBW model can be
applied. Additionally, to ensure that the power correc-
tions to the two-particle production are negligible, one
needs the magnitude of the jet transverse momenta P⊥
to be much larger than Qs.
The current calculations are performed for Q2 of the
same order as P 2⊥. For pair production, the Sudakov fac-
tor is usually due to a scale difference between P⊥ and
the dijet momentum imbalance q⊥. Because we have re-
quired that P⊥ ≫ q⊥ as discussed above, it is neces-
sary to include the Sudakov contribution. As for the
trigger hadron inclusive cross section, the Sudakov fac-
tor is not important, since the trigger hadron pT is of
the same order as Q and P⊥. An illustration of this
Sudakov effect with αs = 0.35 can be found in Fig. 1
labeled by the dashed lines. It is worthwhile to point
out that the Sudakov effect in a nuclear environment is
still not very well known. In the current small x scenario
as shown in Eq. (6), it is convoluted with the gluon dis-
tribution function. The theoretical calculation indicates
that the Sudakov factor has no nuclear A dependence
at LO. As shown in Fig. 1, the away-side suppression of
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FIG. 1. [color online] π0-correlation curves calculated in the
saturation formalism at 10 GeV×100 GeV for e+ p (thick
line) and e+Au (thin line) with (dashed curve) and with-
out (solid curve) the Sudakov factor. The kinematics cho-
sen are y = 0.7, Q2 = 1GeV2, zh1 = zh2 = 0.3, ph1⊥ >
2GeV/c, 1GeV/c < ph2⊥ < ph1⊥.
the dihadron correlation is due to the combination of the
Sudakov suppression and saturation effects. It is conceiv-
able that the suppression due to saturation effects shall
become more and more dominant when the ion beam
species are changed from proton to gold, while the Su-
dakov effect remains more or less the same.
III. CONNECTIONS TO P+A DIHADRON
CORRELATIONS
Compared to existing p+A or d+Au dihadron cor-
relation data, there are several advantages to measur-
ing dihadron correlations in e+A collisions. One valu-
able feature is that one can make use of the scattered
electron to reconstruct kinematic information event by
event. Measuring the scattered electron allows us to
model-independently determine the required kinematic
variables x and Q2, which is essential for probing the
underlying gluon dynamics precisely. Another advantage
comes from the point-like structure of electrons. Since
electrons have no substructure and they couple to vir-
tual photons rather weakly, the probability to have mul-
tiple emission in e+A is very small compared to p+A.
This kind of multiple emission or interaction introduces
a significant amount of uncorrelated two-particle produc-
tion, which is known as the “pedestal” effect in RHIC
d+Au collisions. To understand the so-called pedestal
effect, one needs to take into account the double parton
scattering, which includes two independent and uncorre-
lated hard scatterings. In contrast, as explained above,
the pedestal contribution should be negligible and under
control in the e+A dihadron correlation measurement.
In addition, as is shown in Fig 2, the kinematic cov-
erage of the planned eRHIC realization of the EIC is
very similar to the measured RHIC d+Au data and ex-
tends to the desired small-x region. Therefore, it will
be a more precise and definite measurement compared
to what we already know from the RHIC d+Au data.
Here, the RHIC kinematics lines are calculated with the
assumption that the major fraction of the parton energy
is mainly taken by the hadrons, which is not always true.
Bjx
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FIG. 2. [color online] The eRHIC kinematics coverage com-
pared to p+A at RHIC. The dash-dotted and dashed lines
show the eRHIC kinematics for the beam energies of 10 GeV
×100 GeV and 20 GeV ×100 GeV, respectively. The solid
lines represent the RHIC coverage at
√
s = 200 GeV for η = 0
and η = 4, where η = − ln tan(θ/2) is the pseudorapidity of
the particles.
The measurement of dihadron correlations in e+A col-
lisions is interesting by itself. It provides us with a golden
opportunity to directly measure the saturatedWW gluon
distribution. Through detailed calculations, Ref. [29]
summarizes the involvement of these two basic gluon dis-
tributions in different observables. It is interesting to
note that the dipole gluon distribution function is in-
volved in most known processes, especially inclusive DIS
measurements, which provides us with a lot of the essen-
tial information of the dipole scattering amplitude. On
the other hand, the WW gluon distribution contributes
to only a few of these processes, thus very little knowl-
edge about the WW distribution exists from the current
experimental data. In addition, unlike the dijet process
in p+A, which receives contribution from both the dipole
and WW gluon distribution, the WW gluon distribution
is the only UGD that contributes to e+A Dijet produc-
tion. Considering that the WW gluon distribution can
be physically interpreted as the number density of glu-
ons inside a nuclear wave function, while the dipole gluon
distribution does not have such interpretation, it is im-
portant and fundamental to acquire direct information
on the WW gluon distribution through dihadron corre-
lation measurements at an EIC.
6IV. ELECTRON-ION COLLIDER AND
SIMULATIONS
A. The Electron-Ion Collider and its Detector
Two independent designs for an EIC are being devel-
oped in the United States: eRHIC, at Brookhaven Na-
tional Laboratory (BNL); and MEIC/ELIC at Thomas
Jefferson National Laboratory (JLab). The following
studies will focus on the eRHIC version of an EIC and
the new model detector at eRHIC. The eRHIC design
at BNL reuses the available infrastructure and facilities
of RHIC’s high-energy polarized proton/ion beam. A
new electron beam, based on Energy Recovery LINAC
(ERL) technology, is to be built inside the current RHIC
tunnel. At eRHIC, the collision luminosity is expected
to be in the order of 1033−34cm−2s−1. The full range
of proton/ion beam energies will be accessible from the
beginning of operations, while the electron beam energy
will start with 10− 15 GeV and later be increased to 20
GeV.
The tracking system of the baseline eRHIC detector
will consist of a TPC, GEM and silicon detectors span-
ning a range of −4 < η < 4 in pseudorapidity. The end-
cap and barrel region on the detector will be equipped
with electromagnetic calorimeters covering −4.5 < η <
4.5. Hadronic calorimeter will be used mostly for jet
physics at full energy in the forward (hadron beam going
direction) and backward (electron beam going direction)
rapidities spanning 2 < |η| < 4.5. Projected momentum
and energy resolutions of these devices are better than a
few percent, which extends the capability of this detector
to a large variety of physics topics.
The present study is based on the planned lepton and
nucleon beam energy of 10 GeV × 100 GeV and 20
GeV × 100 GeV. The kinematics are constrained to the
main region of interest for dihadron correlation studies,
1GeV2 < Q2 < 20GeV2 and 0.01 < y < 0.95. Back-
ward electromagnetic calorimetry and the TPC are uti-
lized for reconstruction of the event kinematics (based
on the scattered electron). As shown in Fig. 3, abun-
dant high-pT particles will be generated in the specified
kinematic region to make correlated hadron pairs even
with a limited luminosity of 1 fb−1. Among those gen-
erated high-pT particles, Fig. 4 suggests that gluon dijet
processes dominate in the production of particles with a
transverse momentum greater than 2 GeV/c and charged
pions are the major component for the final state parti-
cles.
B. Monte Carlo Set Up
The simulation part of this study is based on the
PYTHIA-6.4 Monte Carlo program, with the PDF in-
put from the LHAPDF library [42] and JETSET used
for fragmentation processes. If one defines pˆT as the
transverse momentum of final state partons in the cen-
ter of mass system of the hard interaction, the factor-
ization scale µ2 of 2 → 2 processes can be expressed as
µ2 = pˆT
2 + 12Q
2.
In PYTHIA, depending on the wave function compo-
nents for the incoming virtual photon, various subpro-
cesses are divided into three major classes: the direct
processes, the VMD processes and the anomalous pro-
cesses [43], as illustrated in Fig. 5. The direct photon
interacts as a point-like particle with the partons of the
nucleon, while the VMD and anomalous components in-
teract through their hadronic structure. The VMD com-
ponent is characterized by non-perturbative fluctuations
of the photon into a qq¯ pair existing long enough to evolve
into a hadronic state before the subsequent interaction
with the nucleon [44]. This process can be described in
the VMD model, where the hadronic state is treated as
a vector meson (e.g. ρ0, ω, φ ) with the same quantum
numbers as the photon. These VMD states can undergo
all the soft/hard interactions with the nucleon allowed in
hadronic physics. The large-scale, perturbatively fluc-
tuated photons can be added as the anomalous pho-
ton part in a Generalized VMD (GVMD) model. Same
pQCD 2 → 2 process can be developed over the VMD
or anomalous state of the virtual photons on the target
nucleon, with the difference that parameterized photon
PDFs are used for anomalous photons whereas for the
hard VMD components those vector meson PDFs are in-
volved. Hard VMD and anomalous process are usually
referred to as “resolved” process. Resolved photon pro-
cesses play a significant part in the production of hard
high-pT processes at Q
2 ≈ 0. The following hard sub-
processes are grouped in the resolved processes category:
qq → qq, qq¯ → qq¯, qq¯ → gg, qg → qg, gg → qq¯, gg → gg.
In the high-Q2 region, direct processes become dominant,
Fig. 6 shows the major subprocesses in that category:
LO DIS, Photon-Gluon Fusion (PGF) and QCD Comp-
ton (QCDC). As the PGF process is directly sensitive
to the gluon distribution, it is extremely important for
DIS dijet productions. The final conditional yield can be
expressed as a superposition from different processes:
C(∆φ) = Σiwiw
s
iC(∆φ)i, (7)
with wi being the statistical weight of every subprocess
i involved in the measurement and wsi is the suppression
factor for the subprocess i from saturation. For the quark
channels unaffected by saturation wsi = 1, while for the
gluon channels, suppression of C(∆φ) at away-side is ex-
pected with wsi < 1.
To simulate e+ p events the CTEQ6M [41] PDF in the
MS scheme is used. For the e+A event sample, the NLO
EPS09 parton distribution functions [45] and hard parton
energy loss based on the medium geometry have been
applied to account for nuclear effects in the simulation.
Modifications of nuclear PDF have the form
fAi (x,Q
2) = RAi (x,Q
2)fpi (x,Q
2), (8)
where RAi is the nuclear modification factor multiplied
on top of the free proton PDF fpi (x,Q
2) for a parton of
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flavor i, with fpi (x,Q
2) being the CTEQ6M PDF set. As-
suming isospin symmetry for protons and neutrons, the
up/down quark distribution can be averaged according
to the corresponding mass number A and charge number
Z. The hard parton energy loss in the nuclear medium
is included following the parton quenching model (PQM)
formalism based on Ref [46]. In the energy loss picture,
the medium effect is characterized by the so-called trans-
port coefficient, defined as the average medium-induced
squared transverse momentum per unit path length for
a hard parton:
qˆ =
〈
k2⊥
〉
medium
/λ, (9)
where λ is the mean free path and k⊥ represents the
medium-introduced transverse momentum to the hard
parton. The characteristic energy loss scale is set by
ωc =
1
2
qˆL2. (10)
L is the medium path length the parton traverses
through. It is determined by the impact parameter at
which the hard scattering occurs with respect to the ge-
ometry of the nucleus described by a Wood-Saxon distri-
bution. Using the above parameters, one can define the
energy loss probability distribution as follows
P (∆E;R,ωc) = p0(R)δ(∆E) + p(∆E;R,ωc), (11)
where p0 is the probability that the parton experiences
no medium induced radiation.
In the phenomenological studies of dihadron correla-
tions, triggering on a hadron with high-pT on average
selects the most energetic hadron in events with back-to-
back jets. Correlated hadron pairs reflect two important
features of QCD dynamics of the hard scattering process.
First, an associated hadron at the near-side allows one
to probe the in-medium QCD evolution of an energetic
parton, which can be viewed as the final state effect with
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FIG. 5. Feynman diagrams for different PYTHIA subprocesses contributing to the hard interaction: (a) direct, (b) VMD, (c)
anomalous. The dotted lines indicate the presence of a spectator. Bubbles stand for a hadron or hadronic structure.
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FIG. 6. Feynman diagrams for the hard processes based on point-like photons: (a) O(α0s) LO DIS, (b) Photon-Gluon Fusion
(PGF) and (c) QCD Compton scattering (QCDC).
the nuclear medium. Second, an associated hadron at
the away-side, in addition to the primary hard scatter-
ing, is sensitive to the initial transverse momentum that
the incoming parton carries.
For pQCD calculations in the collinear factorization
framework, the PDFs and fragmentation functions do not
contain any transverse momentum dependence. There-
fore, the transverse momentum of hadrons produced in
the final state is given by pT = zpˆT , where pˆT and pT
are the transverse momentum of the parton and hadron
respectively. z represents the momentum fraction of a
hadron with respect to its mother parton. This relation
should be revised if the transverse momentum is allowed
in both the PDFs and fragmentation functions.
Transverse motion of partons inside hadrons can
be effectively included by assuming that the intrinsic
kT follows a Gaussian distribution. Similarly, the trans-
verse momentum enhancement pfragT with respect to the
jet direction during hadronization can also be approxi-
mated by a Gaussian distribution. The intrinsic kT and
fragmentation pfragT now both contribute to the transverse
momentum of final state hadrons, which can be written
as pT = z(kT + pˆT ) + p
frag
T . We follow the common prac-
tice to set the Gaussian width to 0.4 GeV for both in-
trinsic kT and p
frag
T distributions in the simulations.
Besides all the above effects, additional soft gluon ra-
diations, normally characterized as a parton shower can
also modify the final transverse momentum, thereby im-
pacting the dihadron correlations. In perturbative QCD
calculations the parton shower are computed in terms of
Sudakov form factors.
Fig. 7 shows an illustration of all the possible effects
available in the Monte Carlo in the simulation of the az-
imuthal correlation function. The open circles illustrate
the dihadron correlation with only intrinsic kT in the
initial parton distribution. It is understandable that the
correlation function is strongly peaked at ∆φ = 0, pi for
this setting. Now the other effects are turned on one-by-
one according to the order of their occurrences in physical
processes. When the initial state (IS) parton shower is
added into the simulation, as shown by the open dia-
monds, the away-side correlation is significantly reduced
since it is very sensitive to the momentum imbalance of
the dijet system, while the near-side correlation is almost
unmodified. Next, we turn on the final state (FS) par-
ton shower for the scattered parton before the fragmen-
tation process occurs. We find that both the near-side
and away-side peaks are broadened, as illustrated by the
empty triangles, due to soft radiation and particle decay
in the fragmentation. Lastly, we add transverse momen-
tum dependence into the fragmentation function, labeled
as pfragT , and obtain the crossings, which indicate further
broadening of both peaks.
For our model of e+A implemented in PYTHIA, the
effects due to energy loss in the cold nuclear medium are
expected to be weak, because fast moving partons are
likely to fragment outside the nucleus in the considered
kinematic regions. Considering that the nuclear PDF
also has little impact on the pT imbalance of dijets, it
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parton shower (IS), final state parton shower plus resonance
decay (FS) and pT broadening in fragmentation processes.
The e+ p data are for charged hadrons with a beam energy of
20 GeV × 100 GeV with 1.0GeV2 < Q2 < 1.5GeV2, 0.65 <
y < 0.75, ptrigT > 2GeV/c, 1GeV/c < p
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h < 0.4.
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h < 0.35. Lines are the fit for
e+ p or e+A points. The shaded band shows the uncertainty
due to the EPS09 nuclear PDFs.
comes as no surprise to see very little change from e + p
to e+A in the simulation, as shown in Fig. 8. Table II is
a reference for different effects on the relative root mean
square (RMS) deviation of the near/away side azimuthal
correlation function, from which we can clearly draw
the conclusion that initial-state parton showers dominate
the away-side peak of the correlation function, while the
TABLE II. Relative Root Mean Square (RMS) for the ∆φ dis-
tribution from e+ p collisions including different effects influ-
encing the width of the near and away side peak compared to
the baseline RMS with all the effects included (bottom row).
Near-side ∆φ RMS Away-side ∆φ RMS
kT 0.21 0.25
kT + IS 0.30 0.72
kT + IS + FS 0.65 0.81
kT + IS + FS + p
frag
T
1.00 1.00
near-side peak is mainly controlled by final-state effects
such as final-state parton showers, fragmentation pT and
possible resonance decays in the fragmentaion.
As the saturation physics discussed above is mainly
about the gluon dynamics, in order to be able to consis-
tently compare with the theoretical dihadron cross sec-
tion in Sec. II, we need to include gluon dijet channels
from PGF and gluon-initiated resolved process in the
comparison. However, as the measured observable in the
real experiment is a mixture of different process, as illus-
trated in Eq. (7), we have to know how significant the
signal from gluon saturation manifests itself in a mixed
event sample. From the saturation-based predictions, a
sizeable suppression of the away-side peak from e+ p to
e+A is expected.
In the meanwhile, it is crucial to point out that par-
ton showers suppress the away-side peak of the dihadron
correlation function just like saturation does. However,
currently it is still unclear how the parton shower effect is
modified in the nuclear medium, without which it is hard
to draw any definite conclusions about the saturation ef-
fects, as parton showers and saturation effects are always
entangled. Nevertheless, thanks to the large kinematic
coverage of eRHIC, one can explore the nuclear depen-
dence of parton showers outside the saturation region by
measuring dihadron correlations for different nuclei in the
high Q2 regime. This kinematic regime has a significant
phase space for parton showers for this observable. More
importantly, the measurement of dihadron correlations
gives the opportunity to use the near-side peak of the
correlation function as a reference to study the nuclear
medium effects on parton showers as the saturation ef-
fects only manifest themselves in the away-side peak, as
shown in Fig. 7.
In the saturation formalism, the parton shower con-
tribution is effectively cast into the Sudakov factor for
the DIS dijet process at small x. To illustrate this point,
Fig. 9 shows the correlation function simulated with and
without parton showers, compared to the corresponding
theoretical predictions with and without Sudakov effects.
The filled circles represent the PYTHIA simulation for
e+ p without parton showers, and they agree very well
with the solid line from the theoretical prediction includ-
ing saturation effects, but excluding Sudakov effects. The
comparison (empty circles and dashed line) between sim-
ulated PYTHIA e+ p data including parton showers and
the theoretical predictions with saturation plus Sudakov
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FIG. 9. [color online] π0 ∆φ correlation comparing PYTHIA
and theoretical saturation calculations for e+ p 10 GeV ×
100 GeV for events from PGF and resolved gluon channel
subprocesses at 1.0GeV2 < Q2 < 2.0GeV2, 0.65 < y <
0.75, ptrigT > 2GeV/c, 1GeV/c < p
assoc
T < p
trig
T , 0.25 <
ztrigh , z
assoc
h < 0.35. The solid and dashed curves show theo-
retical predictions including saturation effects for e+ p with-
out and with Sudakov factor, respectively. The filled and
empty circles illustrate PYTHIA simulations for e+ p with-
out and with parton showers.
effects is also good, especially considering the model un-
certainties. Thus, the agreement in e+ p collisions en-
ables one to estimate the nuclear medium effects on par-
ton showers in the theoretical predictions for saturation
including Sudakov effects.
Since the saturation effect decouples from hadroniza-
tion, it does not depend on which specific particle type
being detected. Although the theoretical prediction is
made for pi0, the suppression factor from e+ p to e+A
still holds for other different final state particles. In
the next section, the significance for the suppression of
gluon saturation will be shown for the charged hadrons
C(∆φ) observable with limited statistics and expected
background estimation.
C. Monte Carlo Results and Uncertainties
In order to guarantee the validity of perturbative cal-
culations and avoid the kinematic regime of quasi-real
photo-production, a cut of Q2 > 1GeV2 is generally
made. On the other hand, probing the saturation dy-
namics requires to probe the dense region, which means
that one needs to go to low x and low-to-moderate Q2
in the pursuit of saturation effects at a certain center
of mass energy. A cut in transverse momentum of the
charged hadron pairs is usually performed to pick parti-
cles from hard interactions. A cut on zh is also imposed
to reject particles from the target remnants. Thus, a
typical cut to select dihadron pairs from hard parton
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FIG. 10. The correlation of xBj vs xg for the PGF process for
e+ p at 10 GeV × 100 GeV with 0.01 < y < 0.95, 1GeV2 <
Q2 < 20GeV2. A relatively broad correlation between these
two variables is observed.
scatterings is: ptrigT > 2 GeV/c, 1GeV/c < p
assoc
T <
ptrigT , 0.2 < z
trig
h , z
assoc
h < 0.4. To further explore the
transition behavior in and out of the saturation region,
we use three Q2 bins: 1GeV2 < Q2 < 2GeV2, 3GeV2 <
Q2 < 5GeV2 and 9GeV2 < Q2 < 20GeV2; and two y
bins: 0.25 < y < 0.35 and 0.6 < y < 0.8. To study satu-
ration physics using varying heavy ion beams, we focus on
the 1GeV2 < Q2 < 2GeV2, 0.6 < y < 0.8 bin, while the
9GeV2 < Q2 < 20GeV2 or 0.25 < y < 0.35 bins serve as
a reference for the behaviour without saturation effects.
To pin down the nuclear dependence of parton showers,
we compare the correlation between e+ p and e+A colli-
sions for bins without saturation effects. Because the sat-
uration scale Qs varies with the gluon momentum frac-
tion xg, it is important to have access to xg. Fig. 10 shows
how, by utilizing xBj , one can effectively constrain the
underlying xg distribution. Although this is only a broad
correlation, it is demonstrated in Fig. 11 that the typical
xg at a given xBj is constrained to a certain magnitude
and can be used to separate the saturation region from
the non-saturated region.
Fig. 12 shows the η distribution of the trigger particle
and the correlated particle in the aforementioned kine-
matic bins at 10 GeV × 100 GeV and 20 GeV × 100
GeV. Clearly, with a charged particle acceptance span-
ning −4.5 < η < 4.5, both trigger and associate particles
in our kinematics binning scheme can be fully accepted
by the detector.
In Fig. 13 we compare the strength of the coinci-
dence probability based on a theoretical saturation model
prediction for the away-side for e+ p and e+Au. The
filled circles in Fig. 13 are simulated with PYTHIA for
e+ p collisions, including detector smearing and accep-
tance effects. The projected e+Au saturated correla-
tion function (open circles) is obtained by multiplying
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the e+ p histogram with the suppression factor wsi =
C(∆φ)eAu/C(∆φ)ep including Sudakov effects extracted
from Fig. 1. This suppression factor can only be applied
to dijet channels involving gluons; namely PGF and re-
solved qg → qg, gg → gg, gg → qq¯ subprocesses. The
other quark initiated subprocesses have been simulated
with PYTHIA using the non-saturated e+A model in-
cluding nuclear PDFs and final-state energy loss. The
uncertainties represent the statistical precision from an
integrated luminosity of 1 fb−1. The solid (dashed) lines
in Fig. 13 represent fits to the simulated data points with
(without) detector effects included in the simulation.
Since to date there is no exact knowledge of the sat-
uration scale, the uncertainty in the suppression factor
is estimated by varying the saturation scale by a fac-
tor of 0.5 and 2. The resulting uncertainty bands are
depicted in Fig. 13. The suppression of the away-side
peak remains significant even with this additional un-
certainty compared to the e+Au curve shown in Fig. 8
accounting for nuclear effects in the parton distribution
functions, energy loss effects and the resonance decay.
In summary, the suppression effects on dihadron correla-
tions due to saturation can be clearly discriminated from
effects based on classical nuclear medium modifications
with a well-designed EIC machine.
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V. SUMMARY
Through detailed analysis, we have shown the capabil-
ity of a proposed EIC to perform dihadron correlation
measurements. It is proven that the acceptance of the
dedicated detector is wide enough to collect all the trig-
ger particles as well as the associated particles used in
our studies. Moreover, the onset of the projected satura-
tion region is well covered by the eRHIC energy regime.
It will clearly be possible to do a high precision measure-
ment of the correlation function for dihadron production
with different nuclear beams at the proposed EIC.
In this study we also describe how this dihadron corre-
lation function is calculated in a saturation/CGC formal-
ism, and provide predictions for this measurement with
or without saturation effects taken into consideration. It
is straightforward to see that a strong suppression of the
away-side peak of the correlation function is expected
from saturation effects, and detector effects are negligi-
ble on this observable. Suppression effects due to leading-
twist shadowing are significantly smaller. Therefore, the
observation of such a suppression in the dihadron cor-
relation function measured at an EIC will be a strong
experimental evidence for the existence of gluon satura-
tion.
Dihadron measurements at an EIC are also vital and
intriguing in that they will directly measure for the first
time the behavior of the Weizsa¨cker-Williams gluon dis-
tribution, about which we still know very little, and
which we can hardly extract from other measurements.
The knowledge of how parton showers behave in a nu-
clear medium is indispensable in obtaining a valid con-
clusion for the above discussions. With the Sudakov re-
summation performed in the saturation formalism, this
nuclear modification of parton showers in DIS dijet pro-
cess is found to be very small at leading order. Neverthe-
less, there might be some nuclear dependence in the Su-
dakov factor at higher orders or in the non-perturbative
part [47]. An EIC will also permit unique measurements
that will give a definite answer to this question. With
the wide kinematic reach and different nuclear beams, an
EIC is capable of measuring the A dependence of parton
showers. This would require quantitative measurements
of the modification of the near-side peak of the correla-
tion functions in a nucleus environment and in kinematic
regions where parton showers dominate.
In conclusion, the proposed high-luminosity, high-
energy Electron-Ion Collider, together with the designed
detector, can provide an ideal apparatus to study gluon
saturation with high precision through the measurement
of the dihadron correlation function.
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